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The US11 gene of herpes simplex virus 1 maps in the unique sequences of the short component of the HSV-1(F) genome
approximately 775 bp from the center of the DNA replication origin (OriS) and encodes a virion protein which binds RNA in
sequence- and conformation-specific fashion, negatively regulates the accumulation of a prematurely terminated transcript
of UL34, associates in the infected cell with the 60S ribosomal subunit, and, late in infection, accumulates in nucleoli. We
report the following: (i) Deletion of a 222-bp sequence including OriS (DOriS) negatively affected the accumulation of the US11
protein without decreasing the accumulation of the US11 transcript. (ii) The defect, observed at all times after infection, was
multiplicity independent, was unrelated to US11 protein stability, and apparently resulted from a cis-acting element since a
coinfecting virus was unable to complement the DOriS virus. (iii) Transcription from the US11 promoter initiated from three
sites on the DOriS virus. Transcripts initiated from two of the three initation sites accumulated similarly in cells infected with
the DOriS virus or wild-type parent virus. The low-abundance transcript initiating from the third site was apparently unique
to the DOriS virus but was not expected to alter the coding capacity of the mRNA. (iv) Infected cells accumulated RNA derived
by antisense transcription of the genome domain containing the US11 gene. One transcript accumulated in larger amounts
in cells infected with the DOriS virus than in cells infected with parent or repaired virus. © 1999 Academic Press
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cINTRODUCTION
The approximately 150-kb herpes simplex virus 1
HSV-1) genome encodes at least 84 genes whose ex-
ression is coordinately regulated and sequentially or-
ered in a cascade fashion (Roizman and Sears, 1996;
oness and Roizman, 1974, 1975; Swanstrom and Wag-
er, 1974; Wagner et al., 1972). The viral genes can be
laced into three groups, a, b, and g, based on the
equirements for their transcription in productively in-
ected cells (Honess and Roizman, 1974, 1975). The ex-
ression of a genes does not require prior viral protein
ynthesis. Most of the products of a genes regulate the
xpression of a, b, and g genes expressed later in
nfection. b gene products for the most part are involved
n nucleic acid metabolism, whereas the g gene prod-
cts are for the most part structural proteins of the virus.
he g genes are further subdivided on the basis of the
egree to which DNA replication alters their expression.
hereas the expression of g1 genes is augmented by the
nset of viral DNA synthesis, that of g2 genes is totally
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286ependent on sustained viral DNA synthesis. In this
aper we report the observation that full expression of a
2 gene, US11, is dependent, in an unexpected way, on
he integrity of an origin of DNA synthesis whose center
s located 775 bp from the transcription initiation site of
he gene. Relevant to this report are the following:
(i) The HSV genome consists of two stretches of
uasi-unique sequences, UL and US, flanked by inverted
epeats (Sheldrick and Bertholot, 1975; Wadsworth et al.,
975). The repeats flanking UL are ab and b9a9, whereas
hose flanking US are a9c9 and ca (Wadsworth et al.,
975). The HSV genome encodes both cis and trans
unctions required for DNA replication (reviewed in
hallberg and Kelly, 1989; Knipe, 1989). The cis functions
re DNA replication origins, one (OriL) located in the
enter of UL and one (OriS) in each of the inverted repeats
9c9 and ca (Spaete and Frenkel, 1985; Mocarski and
oizman, 1982; Stow, 1982).
(ii) US11 is a g2 gene (Johnson et al., 1986). Earlier
tudies have shown that its expression requires func-
ional a22 and UL13 genes (Purves et al., 1993). The US11
ene encodes an abundant virion structural protein
Roller and Roizman, 1992). The US11 polypeptides mi-
rate in denaturing polyacrylamide gels as a doublet
ith an apparent Mr of 21,000 and are phosphorylated by
ellular kinases (Johnson et al., 1986; Roller and Roiz-
an, 1990; Diaz et al., 1993; Simonin et al., 1995). Not-
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287POSTTRANSCRIPTIONAL REGULATION OF HSV-1 US11ithstanding its small size, the protein appears to be
ssociated with a myriad of functions. Specifically, US11
rotein packaged in virions associates with ribosomal
NA and cosediments with ribosomes (Roller and Roiz-
an, 1992; Roller et al., 1996). Late in infection, US11
rotein localizes in nucleoli (MacLean et al., 1987). It
inds, in a sequence- and conformation-specific fashion,
n RNA transcribed in vitro antisense to its own 59
ranscribed, noncoding, and promoter domains and the
L34 mRNA (Roller and Roizman, 1990, 1991). The signif-
cance of the interaction with UL34 mRNA is bolstered by
he observation that cells infected with a mutant lacking
he US11 gene accumulate a 59-truncated form of the
L34 mRNA. In this instance the US11 protein appears to
lock premature transcription termination of the UL34
ene. Recently it has been shown that US11 can bind
rotein kinase R in vitro and that if expressed early in
nfection, it can block the shutoff of protein synthesis by
he activated cellular kinase (Cassady et al., 1998a,b).
(iii) As many as two of the three origins are dispens-
ble for viral replication (Polvino-Bodnar et al., 1987;
garashi et al., 1993). Mutants lacking both OriS showed
o impairment of growth in cultured cells in vitro (Iga-
ashi et al., 1993). Although the synthesis of viral DNA
as reduced at early times after infection, at late times of
nfection, the recombinant virus lacking both origins syn-
hesized amounts of DNA equivalent to those of wild-type
arent virus-infected cells. In order to further character-
ze the function of the OriS sequences within the context
f the viral genome, we constructed a second recombi-
ant virus (DOriS) in which the OriS sequence contained
n a 222-bp DNA fragment was deleted from each copy of
he inverted repeats flanking US. This report is based on
preliminary observation that cells infected with this
utant accumulated decreased amounts of US11 protein
ven though the US11 gene maps approximately 775 bp
rom the center of the nearest OriS. During these studies
e have identified several previously unknown tran-
cripts accumulating in HSV-1-infected cells. While all of
he previously unknown transcripts were found in cells
nfected with either the DOriS mutant or the wild-type
arent virus, one of the transcripts accumulated to a
uch higher level in cells infected with the DOriS virus at
ate times after infection.
RESULTS
onstruction of a virus lacking both copies of OriS
Elsewhere this laboratory reported the first construc-
ion and characterization of a deletion virus that lacked
oth copies of OriS (Igarashi et al., 1993). In that mutant,
he deleted sequences in the inverted repeats were
nequal and extended far beyond OriS. In order to further
est the function of OriS, we constructed two additional
iruses. Thus we deleted 222 bp comprising OriS from
ach of the inverted repeats flanking US in order to tenerate the recombinant virus R7713. The deleted se-
uences were then restored in R7714 (Fig. 1).
R7713 and R7714 were each derived in two steps from
he recombinant virus R7710 (Igarashi et al., 1993). In the
irst step recombinant virus R7712 was obtained by co-
FIG. 1. Schematic representation of the genomic arrangements of
ecombinant viruses R7712, R7713, and R7714. Line 1, representation of
he prototypic arrangement of the HSV-1 genome. The unique se-
uences of the L (UL) and S (US) components (thin lines) are flanked by
he inverted repeat sequences (open rectangles). Line 2, expansion of
he left and right ends of the S component showing the region sur-
ounding the DNA replication origins (OriS) (open rectangle). Open
eading frames of the genes mapping in close proximity to OriS are
hown as filled rectangles above line 2 within arrows indicating the
ranscribed sequences for each gene. Restriction endonuclease cleav-
ge sites and the locations of BamHI Z and N fragments are shown
elow. Line 3, representation of the relevant domain at the OriS locus in
he recombinant virus R7710. The construction and sequence arrange-
ent of this virus have been previously described (Igarashi et al., 1993).
he HSV-1(F) sequences contained in plasmids pRB4571 and pRB4570,
espectively, used in the generation of recombinant virus R7712, are as
hown. To generate plasmid pRB4571, the 222-bp NarI–BssHI DNA
ragment containing the OriS sequences was deleted from BamHI N. To
enerate pRB4570, the same 222-bp sequence was deleted from
amHI Z DNA sequence. In a subsequent step, the HSV-1(F) BamHI Y
ragment was cloned into the same plasmid in the same orientation as
hat present in the HSV-1(F) genome. Line 4, representation of the
elevant domains of R7712 and R7713 at the OriS locus. The diagram
hows the position of the diagnostic NheI restriction endonuclease
leavage site. The positions of the EcoNI and BamHI restriction endo-
uclease cleavage sites and of the HSV-1(F) sequences contained in
lasmid pRB4611 used to generate the recombinant virus R7714 from
7712 are as shown. Abbreviations used: Ba, BamHI; E, EcoNI; Nhe,
heI.ransfection of the plasmids pRB4571 and pRB4570 de-
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288 MCCORMICK, IGARASHI, AND ROIZMANcribed under Materials and Methods together with
7710 DNA followed by selection of tk2 virus from the
esultant progeny. Plasmid pRB4571 carried the HSV-1(F)
amHI N fragment from which the 222-bp NarI–BssNI
ragment containing OriS had been deleted. pRB4570
arried the BamHI fragments Z and Y from which the
dentical 222-bp DNA fragment had been deleted. Re-
ombinant virus R7713 was derived by cotransfection of
7712 DNA and plasmid pRB103 encoding HSV-1(F)
amHI Q sequence. This step selected a recombinant
irus in which the tk gene had been restored. The re-
ombinant virus R7714 was constructed by cotransfec-
ion of R7712 DNA with plasmids carrying DNA se-
uences designed to restore both OriS and the tk gene.
he HSV-1 sequences carried in plasmid pRB4611 used
or repair of the OriS deletion (Fig. 1) consisted of the
coNI–BamHI fragment derived from the HSV-1(F)
amHI N sequence. In the context of the HSV-1(F) ge-
ome, the EcoNI restriction site utilized for cloning
RB4611 maps in the intron shared by the a47 and a22
enes upstream relative to the promoter and transcrip-
ion initiation site of the US11 gene, while the BamHI
estriction site maps within the a4 gene (Fig. 1, line 4). It
hould be noted, relevant to the studies presented be-
ow, that the HSV-1 DNA sequences present in plasmid
RB4611 are far upstream from the transcribed and cod-
ng sequences of the US11 gene.
In the initial characterization of R7713 (DOriS) we ver-
fied that the phenotype of R7713 was similar to that
eported earlier for a virus lacking both copies of OriS
Igarashi et al., 1993). Specifically: (i) viral titers of R7713
DOriS) grown in Vero, RSC, or BHK cells were similar at
ate times to those obtained for the repair virus R7714
nd for the wild-type parent, HSV-1(F), and (ii) the accu-
ulation of newly replicated viral DNA in cells infected
ith R7713 was decreased at early times (9 h after
nfection) relative to those of cells infected with the
epaired virus R7714 or the parent HSV-1(F) viruses.
owever, the quantities of viral DNA accumulating in
ells at late times after infection were similar for all three
iruses (data not shown). We also noticed a slight but
eproducible decrease in titer of approximately 1 log at
ll times of infection of HEp-2 cells with R7713 compared
ith those of R7714 or HSV-1(F). The conclusion from
hese results is that deletion of the 222-bp sequence
ncompassing OriS from both inverted repeats flanking
L sequence did not significantly affect the growth of the
ecombinant virus R7713 in cutured cells.
he accumulation of the US11 protein is decreased in
ells infected with R7713 (DOriS) mutant
In this series of experiments replicate cultures of
Ep-2 or RSC were mock infected or exposed to 20 PFU
f R7713(DOriS), R7714(OriS Repair), or HSV-1(F) per cell.
he cells were radiolabeled in medium containing U35S]methionine from 16 to 18 h after infection. Figure 2A
hows the autoradiographic images of the electro-
horetically separated, denatured proteins from lysates
f infected HEp-2 (lanes 1–4) or RSC (lanes 5–8),
hereas Fig. 2B shows a photograph of the portion of
ig. 2A containing the US11 protein detected by immu-
obloting the nitrocellulose sheet shown in 2A. The re-
ults were that with the exception of the doublet contain-
ng the US11 protein, the overall patterns of protein syn-
hesis and accumulation in cells infected with R7713
ould not be differentiated from those of R7714 or HSV-
(F) in either HEp-2 or RSC. The accumulation of US11
rotein made by R7713 deletion mutant was significantly
educed in both HEp-2 and RSC. It is noteworthy that the
FIG. 2. Autoradiographic image obtained from radiolabeled polypep-
ides synthesized 16–18 h after infection and electrophoretically sepa-
ated in a denaturing polyacrylamide gel (A) and immunoreactivity of
he immobilized polypeptides with anti-US11 monoclonal antibody (B).
A) HEp-2 or RSC cultures were mock infected or exposed to the
iruses R7713(DOriS), R7714(OriS Repair), or HSV-1(F). The cells were
adiolabeled by the addition of 50 mCi of [35S]methionine (specific
ctivity .1000 Ci/mmol; 1 Ci 5 37 GBq; Amersham) to the culture
edium from 16 to 18 h after infection. The cells were harvested at 18 h
fter infection, solubilized in buffer containing SDS, and subjected to
lectrophoresis in a 12.5% denaturing polyacrylamide gel, transferred
o a nitrocellulose sheet, and subjected to autoradiography. (B) Photo-
raph of the immunoreactive portion of the nitrocellulose sheet shown
n A. The nitrocellulose sheet was reacted with monoclonal antibody
gainst US11 protein.S11 protein made by HSV-1(F) migrates as a doublet
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289POSTTRANSCRIPTIONAL REGULATION OF HSV-1 US11ith a Mr of approximately 21,000 in denaturing poly-
crylamide gels (Johnson et al., 1986). The appearance of
S11 as a single band rather than as a doublet in these
Ep-2 lysates could be due to the amount of protein
oaded onto the gel (see Fig. 3A bottom, lanes 9–11). We
onclude from these experiments that deletion of OriS
ltered the accumulation of US11 at late times of infection
ut did not affect late gene expression overall.
The reduced accumulation could be the result of a
ecrease in rate of synthesis, an increase in degrada-
ion, or a combination of both. In a separate experiment,
he labeling time was reduced from 2 h to 10 min and the
abel was chased for up to 2 h following removal of the
35S]methionine from the culture medium. The lysates
btained in this experiment showed a constant ratio of
ccumulated US11 for R7713 relative to R7714 or HSV-1(F)
or 10 min versus 2 h of labeling time and no alteration in
his ratio during the 2-h chase in medium containing
nlabeled methionine (not shown). This result suggests
hat the rate of synthesis of US11 protein was decreased
n R7713-infected cells. This observation was studied
urther as described below.
he US11-related phenotype of R7713(DOriS) virus is
ell-type independent
In restrictive cells infected with viruses lacking func-
ional UL13 or a22/US1.5 genes, a small subset of g2
roteins exemplified by US11 accumulate in reduced
uantities (Purves et al., 1993). Inasmuch as this pheno-
ype is cell-type dependent in that it was noted in restric-
ive rodent or RSC, but not in HEp-2 or Vero cells, it was
f interest to determine whether the disparity in the
ccumulation of US11 in cells infected with R7713 mutant
ompared with that of cells infected with OriS
1 viruses
FIG. 3. Photograph of immunoblots of infected cell lysates. Replic
K-N-SH, or RSC (as indicated above each group of four lanes) were
SV-1(F) per cell. The cells were harvested at 20 h after infection, sol
ransferred to a nitrocellulose sheet, and reacted first with anti-US11 m
ntibody (top, A) or anti-gC monoclonal antibody (top, B).as also cell-type dependent. To this end, replicate cul- tures were mock infected or exposed to 3 PFU of
7713(DOriS), R7714(OriS Repair), or HSV-1(F) per cell. At
0 h after infection, the cells were harvested, solubilized,
ubjected to electrophoresis in denaturing gels, trans-
erred to a nitrocellulose sheet, and reacted with the
onoclonal antibody to the US11 protein (Figs. 3A and
B, bottom), monoclonal antibody against gC (Fig. 3B,
op), or the polyclonal antibody to the UL38 protein (Fig.
A, top). The lysates from cells infected with
7713(DOriS) (Figs. 3A, lanes 3, 7, and 11, and 3B, lanes
, 7, 11, and 15), R7714(Repair) (3A, lanes 2, 6, and 10, and
B, lanes 2, 6, 10, and 14), and HSV-1(F) (3A, lanes 1, 5,
nd 9, and 3B lanes 1, 5, 9, and 13) are shown for human
ung fibroblasts (HLF) (3A, lanes 1–4), HeLa (3A, lanes
–8), HEp-2 (3A, lanes 9–12), Vero (3B, lanes 1–4),
43TK2 (3B, lanes 5–8), SK-N-SH (3B, lanes 9–12), and
SC (3B, lanes 13–16) cells. The results (Fig. 3) were as
ollows:
(i) The g2 proteins gC or UL38 served as loading con-
rols. For each cell line or cell strain tested, the accumu-
ations of gC or UL38 for each virus were generally
imilar. The exception was the decreased accumulation
f UL38 protein reflected also in a decrease in the accu-
ulation of US11 protein in HEp-2 cells infected with
SV-1(F) compared with that of R7714-infected cells (Fig.
A, lanes 9 and 10).
(ii) Without exception, in cells infected with R7713,
here was a significant decrease in the accumulation of
S11 protein compared to those of gC or UL38 proteins.
We conclude from these results that the decreased
ccumulation of US11 in cells infected with the DOriS
utant is cell-type independent in the cell lines tested.
his property differentiates the phenotype of R7713 from
tures of human embryonic lung fibroblasts, HeLa, HEp-2, Vero, 143,
infected or exposed to 3 PFU or R7713(DOriS), R7714(OriS Repair), or
, subjected to electrophoresis in 17% denaturing polyacrylamide gel,
nal antibody (bottom of A and B) and then with anti-UL38 polyclonalate cul
mock
ubilized
onoclohe previously reported US11-related phenotype of Da22/
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290 MCCORMICK, IGARASHI, AND ROIZMANUS1.5 or of DUL13 mutant viruses. Additional evidence
hat the deletion of the 222-bp sequence encoding OriS
as perturbed the regulation of US11 by a mechanism
ndependent of the a22/US1.5 or UL13 regulatory pathway
merged from studies described below.
S11 protein accumulates at decreased rates at all
imes of infection in DOriS-infected cells
The decrease in accumulation of the US11 protein
escribed above could have resulted from a change in
inetics of expression of the US11 open reading frame.
lthough OriS is far upstream of the US11 open reading
rame, the deletion could have caused the gene to be
xpressed earlier in infection and to be shut off at late
imes after infection. In addition, it was of interest to
etermine whether the accumulation of ICP22 and of
L13 proteins differed at late times after infection in cells
nfected with wild-type and DOriS viruses. In these ex-
eriments replicate cultures of RSC were mock infected
r exposed to 5 PFU of R7713, R7714, or HSV-1(F) per
ell. The cells were harvested at 10, 18, 26, or 36 h after
nfection, solubilized, subjected to electrophoresis on a
2% and on a 17% denaturing polyacrylamide gel, and
ransferred to nitrocellulose membranes. The mem-
ranes containing the lysates electrophoretically sepa-
ated on a 17% polyacrylamide gel were reacted with the
FIG. 4. Photograph of immunoblots of infected cell lysates. Replicate
ultures of RSC were mock infected or exposed to 5 PFU or
7713(DOriS), R7714(OriS Repair), or HSV-1(F) per cell as indicated
bove each lane. The cells were harvested at 10, 18, 26, or 36 h after
nfection, solubilized, subjected to electrophoresis in a 12.5% (ICP22
nd UL13) or 17% (US11) denaturing polyacrylamide gel, transferred to
itrocellulose sheets, and reacted with corresponding antibodies. The
itrocellulose sheet at the bottom was reacted first with anti-ICP22
olyclonal antibodies as a loading control (not shown) and then with
nti-US11 monoclonal antibody.nti-US11 monoclonal antibody (Fig. 4, bottom), whereas she membrane containing the lysates separated on a 12%
olyacrylamide gel were reacted with the anti-UL13 poly-
lonal antibody (Fig. 4, middle) and anti-ICP22 polyclonal
ntibody (Fig. 4, top). The results (Fig. 4) were as follows:
(i) The accumulations of fast-migrating forms of ICP22
nd the processing of ICP22 to slower migrating forms
ave been described elsewhere (Ackermann et al., 1985).
he accumulations of ICP22 were similar in cells in-
ected with all viruses tested.
(ii) UL13 generally accumulates in relatively small
mounts. Our results did not show a significant differ-
nce in the accumulation of UL13 protein in cells infected
ith the viruses tested in this study.
(iii) The US11 protein accumulated at a reduced rate at
0 h after infection and its accumulation continued at late
imes after infection. Notwithstanding the continued ac-
umulation of US11 protein in cells infected with the
OriS virus, the rate of this accumulation was lower than
hat observed in cells infected with the R7714 recombi-
ant or with the wild-type parent virus.
The results presented in this figure indicate that the
ccumulation of US11 was decreased in R7713(DOriS)-
nfected cells relative to R7714(OriS Repair) or HSV-1(F) at
he time of normal synthesis of the protein (10 h after
nfection). This delay was expected on the basis of the
ecreased rate of DNA replication also seen at early
imes of infection. Overall, the accumulation of US11 in
7713 virus-infected cells did not correlate with viral
NA synthesis because the amount of US11 accumulat-
ng in the infected cell as late as 36 h after infection was
ecreased relative to the amounts produced in
7714(OriS Repair)- or HSV-1(F)-infected cells. In con-
rast, both viral titers and DNA replication in R7713(fOriS)-
nfected cells reach the levels observed in R7714(OriS
epair) or HSV-1(F) infected cells by 12-h after infection.
e should note that neither the deletion nor the resto-
ation of OriS sequences formally involved the a22/US1.5
r UL13 genes and the studies presented in Fig. 4 show
o evidence of impairment of the synthesis of these
roteins.
he defect in the accumulation of US11 protein in
7713(DOriS) virus-infected cells is independent
f the multiplicity of infection
The virus brings into the cell several factors which can
lter the expression of viral genes in infected cells. In
any instances, a phenotype seen at low multiplicity of
nfection can be overcome at a higher multiplicity of
nfection. To test whether the US11-related phenotype of
he R7713(DOriS) virus is dependent on the multiplicity of
nfection, replicate cultures of RSC were mock infected
r exposed to 0.05, 0.5, 5, or 50 PFU of R7713, R7714, or
SV-1(F) per cell. At 20 h after infection, the cells wereolubilized in disruption buffer, subjected to electro-
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291POSTTRANSCRIPTIONAL REGULATION OF HSV-1 US11horesis on denaturing 17% polyacrylamide gel, trans-
erred to nitrocellulose, and sequentially reacted with
onoclonal antibody to US11 and to polyclonal anti-UL38
ntibodies. The results (Fig. 5) were as follows:
(i) UL38 protein was barely detected in lysates of cells
xposed to 0.05 PFU/cell (Fig. 5, lanes 1–4) of each of the
iruses, but remained relatively constant in cells infected
t higher multiplicities. As could be expected from the
ata presented earlier in the text, there was no difference
etween DOriS and OriS
1 viruses with respect to the
ccumulation of this protein.
(ii) Overall, the US11 protein accumulated in a dose-
ependent manner in the range between 0.05 and 5
FU/cell. There was no appreciable difference in the
ccumulation of US11 protein in cells infected with 5 or
0 PFU/cell. The data do not support the hypothesis that
igher multiplicities of infection compensate for the de-
ect in the accumulation of US11 protein inasmuch as
ven at 50 PFU/cell the amounts of US11 protein accu-
ulating in DOriS virus-infected cells were significantly
educed relative to those of OriS
1 virus-infected cells.
he defect in the accumulation of US11 protein in
ells infected with R7713(DOriS) virus is not
omplemented in trans
In order to determine whether a cis or trans effect
ediated the US11 phenotype of R7713(DOriS) virus-in-
ected cells, we doubly infected cells with the DOriS or
riS
1 virus and R4027. In R4027, the US11 gene was
agged with a short amino acid sequence carrying the
FIG. 5. Photograph of immunoblots of infected cell lysates. Replicate
ultures of RSC were mock infected or exposed to 0.05, 0.5, 5, or 50
FU of R7713(DOriS), R7714(OriS Repair), or HSV-1(F) per cell. The cells
ere harvested at 20 h after infection, solubilized, subjected to elec-
rophoresis in a 17% denaturing polyacrylamide gel, transferred to a
itrocellulose sheet, and reacted sequentially with anti-US11 monoclo-
al antibody and with the anti-UL38 polyclonal antibody.pitope to a polyclonal antibody to ICP4; the net effect of
i
ohe insertion is to increase the molecular weight and
ecrease the mobility of the tagged US11 protein (Roller
nd Roizman, 1990). In this series of experiments repli-
ate cultures of RSC were mock infected or infected with
4027, R7713, R7714, or HSV-1(F) at 10 PFU/cell or doubly
nfected with one of these viruses and R4027 at 10 PFU
f each virus per cell. At 18 h after infection, the cells
ere harvested, solubilized in disruption buffer, sub-
ected to electrophoresis in denaturing polyacrylamide
els, transferred to a nitrocellulose sheet, and probed
ith antibody to the US11 protein. The results, shown in
ig. 6, unambiguously indicate that the reduced accumu-
ation of US11 is due to a defect in the genotype of R7713
hat cannot be overcome by double infection of the cells
ith an OriS
1 virus. Specifically, in both single infections
ith R7713 and double infections with R7713 and R4027
Fig. 6, lanes 3 and 6), the amounts of accumulated
ild-type US11 protein encoded by R7713 were lower
han that of tagged US11 protein. In contrast, the amounts
f wild-type US11 protein in cells infected with OriS
1 vi-
uses alone (Fig. 6, lanes 4 and 5) or in those doubly
nfected with R7714 (Fig. 6, lane 7) or HSV-1(F) (Fig. 6,
FIG. 6. Photograph of immunoblots of infected cell lysates. Replicate
ultures of RSC were exposed to 10 PFU of R7713(DOriS), R7714(OriS
epair), HSV-1(F), or R4027 (tagged US11) per cell or to mixtures of
iruses (10 PFU of each virus per cell) as indicated above the lanes.
he cells were harvested at 18 h after infection, solubilized, subjected
o electrophoresis in a 17% denaturing polyacrylamide gel, transferred
o a nitrocellulose sheet, and reacted with anti-US11 monoclonal anti-
ody. The decreased mobility of US11 in the R4027-infected cell lysates
s due to the in-frame insertion of an amino acid sequence consisting
f an epitope of ICP4.
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292 MCCORMICK, IGARASHI, AND ROIZMANane 8) and R4027 were very similar or identical. These
esults indicate that the tagged US11 protein did not
nterfere with the accumulation of wild-type virus US11
nd concordantly, the expression of the US11 gene of
7713 virus was not rescued by the R4027 virus.
S11 mRNA accumulates in approximately equal
mounts in cells infected with DOriS and OriS
1 viruses
One hypothesis for the failure of OriS virus to comple-
ent the OriS
1 virus was that the R7713 deletion mutant
ontained a defective US11 promoter. Although the de-
eted OriS sequences were far upstream of the US11
romoter, we tested both the timing and the amounts of
ccumulated US11 mRNA in infected cells. Replicate cul-
ures of RSC were mock infected or exposed to 20 PFU
f R7713, R7714, or HSV-1(F) per cell in the absence or
resence of PAA (300 mg/ml of medium), to totally block
iral DNA synthesis. Cytoplasmic RNA was isolated from
ells harvested at 12 h after infection, separated by
lectrophoresis on a denaturing agarose gel, transferred
o a nylon membrane, and hybridized with probe 1 made
y in vitro transcription of plasmid pRB3910 carrying the
oding domain of the US11 gene plus 76 nucleotides of 59
ntranslated domain and 96 nucleotides of 39 untrans-
ated domain. Inasmuch as the a47 transcript includes
he sequences of the US11 open reading frame, under
he conditions tested, the probe measured the accumu-
ation of both a47 and US11 mRNAs specifically. The
esults of autoradiography are shown at the top of Fig. 7.
he migration of the 28S and 18S ribosomal RNAs is
ndicated by the arrows on the left of the top panel. The
ylon membrane was subsequently hybridized with a
trand-specific RNA probe containing sequences anti-
ense to the gC gene. The results of autoradiography
pecific to the gC probe are shown at the bottom of Fig.
. The results for both probes were as follows:
(i) The gC-specific probe hybridized with a RNA of
pproximate size 2.7 kb, consistent with the expected
igration of the gC transcript (Frink et al., 1983). The gC
ranscript was present in the cytoplasm of untreated
ells but was absent from mock-infected cells or cells
nfected and maintained in the presence of PAA.
(ii) Probe 1 derived from pRB3910 hybridized with
hree RNA bands. In cells treated with PAA, a single
ranscript was detected. The electrophoretic mobility of
his RNA relative to the 28S and 18S ribosomal RNAs
ndicated that it is approximately 2.0 kb in length. The
ize and accumulation of this RNA in the presence of
AA was most consistent with its being the a47 mRNA
Clements et al., 1979; Watson et al., 1979; Rixon and
lements, 1982). In untreated cells, the 2.0-kb transcript
as absent; in its place the probe reacted with a tran-
cript of similar quantity but 2.2 kb in size as determined
n the basis of its slower electrophoretic mobility. The
ore abundant, faster migrating RNA present only in antreated infected cells had the electrophoretic mobility
f a 1.45-kb transcript, consistent with that predicted for
S11 mRNA (Rixon and McGeoch, 1984). The amounts of
S11 mRNA accumulating in cells infected with the three
iruses tested in this experiment paralleled those of gC
RNA. We conclude that (i) the US11 gene of R7713
utant was expressed with the proper kinetics and (ii) in
ontrast with the quantity of the US11 protein detected by
adiolabeling or reactivity with antibody, the abundance
f the R7713 transcript hybridizing to the US11 probe
ppeared to be similar to that of the OriS
1 viruses R7714
FIG. 7. Autoradiographic images of labeled probes hybridized to RNA
f the same polarity as the US11 transcript (top) or to glycoprotein C
ranscript (bottom). Replicate cultures of RSC cells were mock infected
r exposed to 20 PFU of R7713(DOriS), R7714(OriS Repair), or HSV-1(F)
er cell in medium with or without PAA (300 mg/ml). Cytoplasmic RNA
as harvested at 12 h after infection, electrophoretically separated
nder denaturing conditions, transferred to nylon membrane, and hy-
ridized to radiolabeled probes. The labeled probe shown on the top
as derived by in vitro transcription of plasmid pRB3910 to yield a
robe specific for RNA of the same polarity as the US11 transcript. The
abeled probe shown on the bottom was derived from in vitro transcrip-
ion of plasmid pRB4242 to yield a probe specific for glycoprotein C
gC) mRNA. The sizes of the mRNAs were determined from the migra-
ion of rRNA (arrows) located by UV light-shadowing of the nylon
embrane.nd HSV-1(F). A curious observation made in the course
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293POSTTRANSCRIPTIONAL REGULATION OF HSV-1 US11f these studies is that the mRNA corresponding in size
o a47 mRNA and extracted from infected cells treated
ith PAA migrated faster than that extracted from un-
reated infected cells. Although a47 is transcribed in the
bsence of DNA synthesis, transcription most likely con-
inues after the onset of DNA synthesis. We cannot
xclude the possibility that the initiation of transcription
f the a47 gene in the absence of DNA synthesis is
ownstream of the transcription initiation site used in
ntreated infected cells.
he transcription initiation sites of US11 RNA
RNase protection assays were carried out to deter-
ine whether the US11 transcript of R7713 initiated from
he known transcription initiation sites. In this experi-
ent, RSC were exposed to 20 PFU of R7713, R7714, or
SV-1(F), and total RNA was isolated by the guanidinium
hiocyanate method from cells harvested at 12 h after
nfection. The RNase protection probe was derived from
n vitro transcription of PstI-digested plasmid pRB3881
arrying the transcribed noncoding sequences of the
S11 gene (Roller and Roizman, 1990). The RNase pro-
ection assays were done as described under Materials
nd Methods. Following hybridization and RNase diges-
ion, the protected RNAs were separated by denaturing
el electrophoresis and subjected to autoradiography.
he results of autoradiography are shown in Fig. 8. The
mage of radiolabeled DNA fragments of the indicated
engths shown in lane 6 (marker lane) was from a longer
utoradiographic exposure of the same gel. The results
ere as follows:
(i) RNAs extracted from infected cells yielded four
irus-specific protected RNA bands. Band 1 migrated
lightly slower than an RNA present also in mock-in-
ected cells and was more abundant in cells infected
ith the OriS
1 viruses than in cells infected with R7713
utant. The size of RNA1 was that predicted for the a47
RNA. In vitro transcription of PstI-digested pRB3881 by
7 polymerase yielded a 245-nt probe. The a47 transcript
ould be expected to protect 202 of these nucleotides
rom digestion in the RNase protection assay.
(ii) Bands 2 and 3 were approximately of equal abun-
ance. The US11 mRNA should protect 158 nt of the in
itro-transcribed probe from digestion. The electrophoretic
obility of the band 2 RNA corresponded to that of US11
RNA initiated at the reported transcription initiation site
Rixon and McGeoch, 1984; McGeoch et al., 1988). Band 3
NA corresponded to the US11 mRNA initiated approxi-
ately 5 nt downstream of the reported transcription initi-
tion site. Multiple initiation sites for US11 that differed by as
uch as 6 nt from the major initiation site were previously
eported by Johnson et al. (1986).
(iii) The protected RNA in lane 3 at the level of arrow
consisted of three bands in contrast to the doublet inanes 2, 4, and 5. Band 4 RNA was of much lower tbundance and was detected in cells infected with
7713 only; it predicts scarce mRNA initiated at a posi-
ion approximately 15 nucleotides downstream of the
eported initiation site for US11.
We conclude from these studies that the bulk of US11
RNA in cells infected with R7713 was identical to those
ade in cells infected with R7714 or with HSV-1(F) with
espect to transcription initiation sites. The small amount
f RNA which initiated downstream of the two reported
ites cannot account for the decrease in the accumula-
FIG. 8. Autoradiographic image of an RNase protection assay. Rep-
icate cultures of RSC were mock infected or exposed to 20 PFU of
7713(DOriS), R7714(OriS Repair), or HSV-1(F) per cell. Total RNA was
solated from cells harvested at 12 h after infection and hybridized with
adiolabeled RNA derived by in vitro transcription of pRB3881. The
adiolabeled probe was specific for hybridization to the 59 domain of
he US11 transcript. Following digestion with RNases A and T1, the
rotected RNA was separated by denaturing polyacrylamide gel elec-
rophoresis. Undigested probe was separated on the same gel and is
hown in the probe lane. HpaI-digested pGEM3Z DNA was kinase
abeled and separated on the same gel to provide markers.ion of US11 protein described above.
I
U
p
R
t
H
s
u
l
w
r
i
d
d
b
d
a
p
g
R
w
R
O
b
a
f
p
p
t
R
t
w
b
R
r
a
b
o
e
t
v
t
c
(
t
t
d
A
i
o
i
o
s
f
T
t
t
s
s
a
t
R
a
c
m
u
r
p
s
f
t
294 MCCORMICK, IGARASHI, AND ROIZMANnfected cells accumulate transcripts antisense to the
S11 gene
Replicate cultures of RSC were mock infected or ex-
osed to 20 PFU of R7713, R7714, or HSV-1(F) per cell.
NA from each set of infected cells was isolated by
he guanidinium thiocyanate method (Puissant and
oudebine, 1990). One hundred fifty micrograms of each
ample was subjected to poly(A)1 selection as described
nder Materials and Methods. All of the poly(A)1-se-
ected RNA and 40 mg of each of the unbound fractions
as separated by electrophoresis on a denaturing aga-
ose gel, transferred to a nylon membrane, and hybrid-
zed with the RNA probe according to the protocols
escribed under Materials and Methods. The probe for
etection of RNA antisense to US11 RNA was prepared
y in vitro transcription of pRB3910 carrying the coding
omain of the US11 gene with SP6 polymerase (Roller
nd Roizman, 1990). The results were as follows (Fig. 9).
(i) The probe reacted with at least two species of
oly(A)1 RNA. One, designated RNA1, was present in
reatest abundance in cells infected with R7713(DOriS).
NA1 migrated in the nonlinear range of the agarose gel;
hile its migration compared with that of the ribosomal
NA predicts 16 kb in size, its actual size is not known.
ne or possibly two transcripts labeled RNA2 enriched
y poly(A)1 selection were present in equivalent
mounts in extracts of R7713-, R7714-, or HSV-1(F)-in-
ected cells. The electrophoretic mobility of RNA2 is
redicted to be 7.4 kb.
(ii) The probe reacted with at least three species of
oly(A)2 RNAs. One, unlabeled, migrated slightly faster
han the poly(A)1 RNA2. The transcripts designated
NA3 and RNA4 migrated much faster than RNA2. On
he basis of the relative migration of RNA3 and RNA4
ith those of ribosomal RNA, we estimated their sizes to
e 1.3 and 1.0 kb, respectively.
The autoradiogram shown in Fig. 9 suggests that the
NA extracted from cells infected with R7714 was en-
iched with respect to viral-specific RNAs since the
mounts of probe-specific RNAs were increased in all
ands (most evident for RNA3 and RNA4). On the basis
f this consideration, the amounts of RNA4 present in
xtracts of cells infected with R7713 were higher than
hose present in corresponding fractions of wild-type
irus-infected cells.
DISCUSSION
In an earlier publication, this laboratory reported on
he construction of a recombinant virus lacking both
opies of the S component origins of DNA replication
OriS) (Igarashi et al., 1993). The recombinant reported at
hat time contained extensive deletions other than the
wo copies of OriS. The recombinant virus R7713 was
esigned to reduce the size of the deleted sequences. ws is the custom, the deleted sequences were restored
n the recombinant virus R7714. In this article we report
n an interesting phenotype of a mutant lacking 222 bp
ncluding both copies of OriS. The phenotypic properties
f the deletion mutant with respect to the pattern of DNA
ynthesis and replication were not significantly different
rom those of the original recombinant reported earlier.
he striking feature of data, however, was the observa-
ion that the level of US11 protein was reduced relative to
he levels of this protein made in cells infected with the
FIG. 9. Autoradiographic images of labeled probes specific for tran-
cripts antisense to the US11 mRNA hybridized to electrophoretically
eparated total RNA isolated from cells harvested at 12 h after infection
nd fractionated by exposure to immobilized oligo(dT). Replicate cul-
ures of RSC were mock infected or exposed to 20 PFU of R7713(DOriS),
7714(OriS Repair), or HSV-1(F) per cell. Total RNA harvested at 12 h
fter infection was bound to immobilized oligo(dT). The fractions re-
overed from 150 mg of total RNA by binding to oligo(dT) as well as 40
g of the unbound fractions were each electrophoretically separated
nder denaturing conditions and transferred to nylon membrane. The
adiolabeled probe was derived by in vitro transcription of plasmid
RB3910 yielding a probe specific for hybridization to transcripts anti-
ense to the US11 transcript. The size of the transcripts was determined
rom the position of rRNA (arrows) identified by UV light-shadowing of
he nylon membrane.ild-type parent virus or the R7714 repaired virus.
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295POSTTRANSCRIPTIONAL REGULATION OF HSV-1 US11US11 is a g2 protein. The synthesis of g2 proteins
equires concurrent synthesis of viral DNA. The require-
ent is met by a cis function in the sense that viral DNA
ust enter the replicative pool for its g2 genes to be
xpressed (Mavromara-Nazos and Roizman, 1987). In
ddition, there is evidence that the g2 genes form two
istinct groups (Purves et al., 1993; Ng et al., 1997; Ogle
nd Roizman, 1999). One group, exemplified by US11,
L38, and UL41, exhibits reduced expression in rodent or
SC or primary human fibroblast cultures infected with
utants lacking UL13 or the a22 genes. In the case of
S11 or UL38, the effect is cell-line dependent inasmuch
s no reduction was seen in Vero or HEp-2 cells. Other
2 genes exemplified by UL44 encoding glycoprotein C
re unaffected by the absence of either UL13 or a22
enes. The studies reported here suggest that US11 is
ifferent from other g2 genes in that its expression re-
uires OriS and that this requirement is not cell-type
ependent, at least within the parameters of the studies
eported here.
In an attempt to elucidate the basis for the reduced
ynthesis of the US11 proteins in cells infected with the
OriS mutant, we examined several parameters of ex-
ression of the US11 gene. Our results indicate that the
iming of synthesis and the size and abundance of the
S11 RNA transcript in cells infected with the R7713
ecombinant are not significantly different from those of
ells infected with the parent or repaired viruses. The
ow-abundance transcript initiated downstream of the
sual initiation of US11 mRNA would not affect the coding
apacity of the transcript. We have not observed a sig-
ificant reduction in the stability of US11 protein in cells
nfected with the OriS deletion mutant.
We also examined the transcription of the genomic
nvironment of the US11 gene. It may be recalled that in
arlier studies from this laboratory it was shown that
S11 protein can bind in a sequence- and conformation-
pecific manner to a synthetic transcript antisense to the
S11 gene (Roller and Roizman, 1990). However, RNA
orresponding to the synthetic transcript was not de-
ected in cells infected with wild-type virus. In the studies
escribed here, we have detected several species of
NA antisense to the US11 mRNA, and at least two
pecies were polyadenylated. One, larger in size, was
ignificantly increased in abundance in cells infected
ith the DOriS mutant. A central question is whether this
NA has a protein-coding capacity.
The significance of the increased levels of antisense
RNA are not immediately clear. In principle, homolo-
ous (i.e., sense and antisense) RNA could form double-
tranded RNAs that in turn would activate protein kinase
, which in turn would phosphorylate the a subunit of
IF-2 and shut off protein synthesis. That this is not the
ase here is evident from three lines of evidence. First,
he antisense RNA would be expected to affect all US11
rotein synthesis and not merely the US11 protein syn- phesis directed by the mRNA of the mutant virus. Specif-
cally, in doubly infected cells, the US11 made by the
eporter virus was unaffected and hence the decrease in
S11 protein synthesis is caused by a cis-acting rather
han trans-acting factor. The second line of evidence is
ased on the observation that if the formation of double-
tranded RNA were effective in inducing the shutoff of
rotein synthesis, all g2 proteins would have been af-
ected, not merely the US11 protein. Finally, in cells in-
ected with wild-type virus or US11 mutants, the g134.5
ene is effective in countering the activation of protein
inase R by causing the dephosphorylation of eIF-2a
Chou and Roizman, 1992; Chou et al., 1995; He et al.,
997).
One possibility which we cannot exclude is that in
ells infected with the DOriS mutant US11 mRNA is se-
uestered by a cis-acting factor such as, for example,
ascent antisense RNA, and is unavailable for transla-
ion. The scenario we propose is based on the observa-
ion that viral DNA synthesized in cells infected with
OriS mutants reaches the same levels as in cells in-
ected with wild-type parent virus but that the rates of
ynthesis are significantly reduced. To block translation
n cis, the act of sequestering of the US11 mRNA would
ave to initiate during its synthesis. The scenario pre-
icts that OriS regulates antisense transcription initiated
t a site more distant than the site of initiation of US11
RNA synthesis. Proof of the hypothesis would require
limination of antisense RNA synthesis in cells infected
ith the DOriS mutant.
A central question is whether the reduction in US11
rotein synthesis in DOriS-infected cells reflects
hance—the evolutionarily unintended effects of the jux-
aposition of OriS—or evolutionary design. The chance
ypothesis has no heuristic value. The alternative, that
he decrease in US11 protein synthesis in cells showing
educed initial DNA synthesis reflects evolutionary se-
ection may have some merit. US11 is a multifunctional
rotein. As noted above, it binds some species of RNA in
equence- and conformation-specific fashion, it acts as
n anti-attenuator of UL34 gene transcription, and its
eported biologic properties suggest that it may be
locking stress responses. The possibility that accumu-
ation of large amounts of US11 protein in the absence of
igorous viral DNA synthesis is toxic to the cell is not
eadily apparent but may be inferred from other studies.
Studies reported many years ago have shown that
ells infected with HSV-1 accumulate significant
mounts of complementary RNA homologous to approx-
mately 50% of the viral DNA (Jacquemont and Roizman,
975; Kozak and Roizman, 1975). The synthesis of com-
lementary RNA and potentially, the formation of double-
tranded RNA that activates protein kinase R and shuts
ff protein synthesis are problems that affect all herpes-
iruses. The evolution of HSV has resulted in the g134.5
rotein, which, as noted earlier, sequesters and redirects
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296 MCCORMICK, IGARASHI, AND ROIZMANrotein phosphatase 1 to dephosphorylate eIF-2a and
nable protein synthesis to continue notwithstanding the
resence of activated protein kinase R. The g134.5 gene
s present in very few herpesvirus genomes and there-
ore other herpesviruses may use alternative mecha-
isms to block shutoff of protein synthesis by activated
rotein kinase R. The observation that US11 made early
n infection can substitute for the g134.5 protein suggests
hat US11 protein may have performed this function at
ome point in the evolution of HSV and that US11 was
etained but relegated to the status of a late rather than
arly gene (Cassady et al., 1998a, b). In principle, the
rder in which viral proteins are made can be viewed as
he timing of their need, but also as the time of least
nterference with the synthesis of viral progeny. Conceiv-
bly, in the course of the evolution of HSV, US11 was
eplaced with g134.5 and relegated to be expressed only
nder specific conditions late in infection. US11 may be
esirable but may also be detrimental depending on the
recise circumstances of its expression.
MATERIALS AND METHODS
ells and viruses
HSV-1(F) is the prototype HSV-1 strain used in this
aboratory (Ejercito et al., 1968). The recombinant viruses
4027 and R7710 have been described elsewhere (Roller
nd Roizman, 1990; Igarashi et al., 1993). HEp-2, human
euroblastoma SK-N-SH, HeLa, and African green mon-
ey kidney (Vero) cells were obtained from the American
ype Culture Collection. Rabbit skin (RSC), human em-
ryonic lung fibroblast (HLF), and 143TK2 cells were
btained from J. McClaren, R. Spaete (Aviron, Inc., Moun-
ain View, CA), and C. Croce, respectively. The cells were
ropagated in Dulbecco’s modified Eagle’s medium sup-
lemented with 5% (Vero, HEp-2, HeLa, RSC, and
43TK2) or 10% (SK-N-SH and HEL) fetal bovine serum.
lasmids
All plasmids were constructed by standard proce-
ures (Sambrook et al., 1989). The BamHI Z fragment
erived from HSV-1(F) was cloned into the BamHI site of
GEM3Z to generate pRB175. In pRB4569, a deletion of
22 bp including the OriS sequence was introduced into
RB175 by limited digestion with BssHII and partial di-
estion with NarI. The cleavage sites for NarI and BssHII
eside 32 and 190 bp, respectively, from the center of
riS. Insertion of the linker sequences (GGGTAGCC) at
he junction provided a NheI recognition site for diag-
ostic purposes. To generate pRB4570, pRB4569 was
igested with BamHI and ligated to the HSV-1(F) BamHI
DNA fragment. To generate pRB4571, pRB4569 was
igested with HindIII and EcoNI and the HindIII–EcoNI
ragment of pRB4569 was ligated to HindIII- and EcoNI-
igested plasmid pRB4397 encoding all sequences wnique to the BamHI N fragment; the repeated sequence
ommon to BamHI Z and N, excluding the sequences
etween the recognition sites for NruI and BssHII resid-
ng 225 and 195 bp, respectively, from OriS; and the a27
romoter driving expression of the a22 gene (Igarashi et
l., 1993). The plasmid, pRB4611, used to repair the DOriS
irus was generated by a collapse of the plasmid pRB175
etween the EcoNI and XbaI sites residing 173 bp 59
elative to the US11 transcription initiation site and within
ector sequences, respectively.
ecombinant viruses
The protocols for the generation of HSV recombinants
y insertion and deletion of thymidine kinase (tk) as a
electable marker were described elsewhere (Post and
oizman, 1981; Roizman and Jenkins, 1985). To construct
ecombinant virus R7712, RSC were transfected with
7710 viral DNA and plasmids pRB4570 and pRB4571.
he progeny was subjected to selection for tk2 progeny
n 143TK2 cells overlaid with medium containing bro-
odeoxyuridine. The recombinant virus R7713 was de-
ived from R7712 by transfection of the plasmid pRB103
ncoding HSV-1(F) BamHI Q sequence with R7712
enomic DNA and selection for recombinants express-
ng tk. The recombinant virus R7714 was derived from
7712 by transfection of plasmids pRB4611 and pRB103
ith R7712 genomic DNA, selection for tk1 virus, and
creening for repair of the OriS in the resulting tk
1 vi-
uses. The recombinant viruses were analyzed as previ-
usly described (Igarashi et al., 1993).
reparation of cell lysates, sodium dodecyl sulfate
SDS)–polyacrylamide gel electrophoresis,
nd immunoblotting
Replicate 25-mm2 flask cell cultures were mock in-
ected or exposed to virus for 2 h at 37°C in medium 199V
onsisting of mixture 199 (Sigma Chemical Co., St. Louis,
O) with 1% calf serum. The inocula were replaced with
edium 199V for the times indicated under Results. Cells
ere rinsed with phosphate-buffered saline, harvested
y scraping, pelleted by centrifugation, resuspended in
isruption buffer containing SDS, sonicated, subjected to
entrifugation to remove insoluble material, and boiled
or 5 min prior to electrophoresis on a denaturing poly-
crylamide gel (Spear and Roizman, 1971; Gibson and
oizman, 1974). Electrophoretically separated polypep-
ides were electrically transferred to a nitrocellulose
heet and probed with anti-US11, anti-UL38, anti-gC, anti-
CP22, or anti-UL13 antibodies as previously described
Purves et al., 1992).
etabolic labeling of cells
Metabolic labeling was done essentially as described
reviously (Spear and Roizman, 1971). Replicate cultures
ere mock infected or exposed to virus as described
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297POSTTRANSCRIPTIONAL REGULATION OF HSV-1 US11bove, and at times and for intervals indicated under
esults, the cells were rinsed three times with methi-
nine-free medium 199V, then overlaid with methionine-
ree medium 199V supplemented with 50 mCi [35S]methi-
nine (specific activity .1000 Ci/mmol; 1 Ci 5 37 GBq;
mersham, Arlington Heights, IL). The cells were har-
ested and analyzed as described above.
solation of RNA, poly(A)1 selection, and analysis
f denatured RNA separated by agarose gel
lectrophoresis
Replicate cell cultures grown in either 150-mm2 flasks
or isolation of cytoplasmic RNA or 850-mm2 roller bottles
or isolation of total RNA were mock infected or exposed
o virus as described above. For the analysis of RNA
ranscribed in the presence of phosphonoacetic acid
PAA; 300 mg/ml), the cells were rinsed three times with
edium 199V containing PAA, pretreated for 1 h prior to
nfection, infected for 1 h in the presence of PAA, and
aintained following infection in the presence of the
rug. For the analysis of RNA transcribed in the presence
f cyclohexamide (Sigma; 100 mg/ml), the cells were
insed and pretreated as above. Cytoplasmic RNA was
solated as described previously (Spector et al., 1990) at
ither 6 or 12 h after infection as indicated under Results.
otal RNA was isolated from cells harvested at 12 h after
nfection by the guanidinium thiocyanate method and
recipitated at low pH (Puissant and Houdebine, 1990).
he poly(A)1 selection from total RNA followed the man-
facturer’s protocol supplied with oligo(dT) immobilized
n magnetic beads (Promega). The methods for separa-
ion of denatured RNA by electrophoresis through aga-
ose gels in the presence of formaldehyde and the anal-
sis of denatured electrophoretically separated and im-
obilized RNA were as described previously (Carter and
oizman, 1996). For all experiments, the RNA was di-
ested with amplification grade DNase I (Gibco) prior to
eparation of RNA by denaturing gel electrophoresis. For
eneration of strand-specific probes for hybridization to
mmobilized plasmid, templates were prepared and tran-
cribed with SP6 and T7 polymerases as recommended
y Promega. The plasmids pRB3910 and pRB4242 used
or sense and antisense probes with respect to US11 and
C, respectively, were described elsewhere (Roller and
oizman, 1990; Ward et al., 1996).
Nase protection studies
Hybridization buffer (30 ml) consisting of 77% form-
mide, 77 mM Pipes buffer, pH 6.4, 1 mM EDTA, and 385
M NaCl was added to radiolabeled RNA probe ob-
ained by in vitro transcription of plasmid pRB3881 (Roller
nd Roizman, 1990) and 10 mg total RNA in 2 ml H2O, and
he reactants were placed at 50°C overnight. After hy-
ridization with total RNA isolated as described above,he hybridization mixture was digested with 300 ml
HNase buffer consisting of 600 mM NaCl, 20 mM Tris, pH
.6, 10 mM EDTA, 12 mg RNase A, and 0.42 ml RNase T1
Sigma) at 30°C for 60 min, then digested in the presence
f 0.5% SDS with proteinase K for 15 min at 37°C, ex-
racted one time with phenol/chloroform/isoamyl alcohol
25/24/1), and precipitated by ethanol in the presence of
lycogen. The resulting protected RNA was separated by
enaturing 6% polyacrylamide gel electrophoresis and
he vacuum-dried gel exposed for autoradiography.
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